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ABSTRACT
Coronal holes (CHs) are regions of open magnetic flux which are the source of high speed solar wind (HSSW) streams.
To date, it is not clear which aspects of CHs are of most influence on the properties of the solar wind as it expands
through the Heliosphere. Here, we study the relationship between CH properties extracted from AIA (Atmospheric
Imaging Assembly) images using CHIMERA (Coronal Hole Identification via Multi-thermal Emission Recognition
Algorithm) and HSSW measurements from ACE (Advanced Composition Explorer) at L1. For CH longitudinal
widths ∆θCH <67
◦, the peak SW velocity (vmax) is found to scale as vmax ≈ 330.8 + 5.7 ∆θCH km s
−1. For larger
longitudinal widths (∆θCH >67
◦), vmax is found to tend to a constant value (∼710 km s
−1). Furthermore, we find
that the duration of HSSW streams (∆t) are directly related to the longitudinal width of CHs (∆tSW ≈ 0.09∆θCH)
and that their longitudinal expansion factor is fSW ≈ 1.2 ± 0.1. We also derive an expression for the coronal hole
flux-tube expansion factor, fFT , which varies as fSW & fFT & 0.8. These results enable us to estimate the peak
speeds and durations of HSSW streams at L1 using the properties of CHs identified in the solar corona.
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1. INTRODUCTION
Coronal holes (CHs) are low density regions of open
magnetic field which appear dark in EUV wavelengths
and are known to be associated with the acceleration of
high-speed solar wind (HSSW) streams (Krieger et al.
1973; Cranmer 2002; Tu et al. 2005; Cranmer 2009).
Due to their slow evolution, CHs can exist for a number
of solar rotations, ranging in lifetime from months to
years (Timothy et al. 1975; Bohlin 1977; de Toma 2011;
Krista et al. 2011). This slow evolution allows for rel-
atively precise forecasting of HSSW streams emanating
from CHs, and their potential trajectory through inter-
planetary space to 1 AU (Heinemann et al. 2018).
The solar wind is a stream of charged particles, largely
protons and electrons, traveling outward from the Sun
toward the edge of the heliosphere. This stream is clas-
sified into slow and fast variants, the former with typical
speeds and temperatures of ∼400 km s-1 and ∼105 K at
1 AU respectively (Marsch 2006), and the latter with
speeds and temperatures of up to ∼780 km s-1 and
∼106 K at 1 AU respectively (Cranmer 2002). The
solar wind is of interest to operational space weather
forecasters due to the potential damage it can cause
to satellites through differential and bulk charging, and
its association with geomagnetic storms and their im-
pacts at Earth (Boteler 2001; Huttunen et al. 2008;
Marshall et al. 2012; Blake et al. 2016).
Empirical studies have shown that the properties
of the HSSW, and hence their potential impacts, are
largely governed by the properties of their originat-
ing CH regions (Arge & Pizzo 2000; Vrsˇnak et al. 2007;
Rotter et al. 2012). Previous work has shown that
HSSW velocity at 1AU is inversely proportional to the
expansion of magnetic flux-tubes within the CH bound-
aries (Levine et al. 1977; Wang & Sheeley 1991) and can
be estimated for a given CH through the Wang-Sheely
(WS) model (Wang & Sheeley 1990). Magnetic flux-
tube expansion can be described by a two-dimensional
unitless comparison of magnetic flux density between
two surfaces known as the magnetic flux-tube expansion
factor (Wang et al. 1997), as follows:
f(r, θ) =
(
R⊙
r
)2
Br(R⊙, θ⊙, φ⊙)
Br(r, θ, φ)
(1)
In this case, the expansion factor, f , is described be-
tween the solar surface and the source surface at radial
distance r = 2.5 R⊙, where Br describes the magnetic
field for a given surface, and θ and φ define longitude and
latitude position information along the magnetic fields
lines. Pinto & Rouillard (2017) simplified this expan-
sion factor to a dimensionless comparison of the area,
A, occupied by a flux-tube at two surface heights, r⊙
and r, as follows:
f =
Ar
A⊙
(r⊙
r
)2
(2)
An alternate model for predicting HSSW speed pro-
posed by Riley et al. (2001) states that the SW veloc-
ity originating from a point within a CH boundary is
positively correlated with the minimum Distance from
the Coronal Hole Boundary (DCHB). This model has
since been validated empirically from Ulysses measure-
ments of polar CHs across 12 Carrington rotations by
Riley et al. (2003). The WS and DCHB models have
since been combined and improved to include real-time
updating of an input magnetogram in the widely-used
Wang-Sheeley-Arge (WSA) model (Arge & Pizzo 2000;
Arge et al. 2004; Riley et al. 2015).
Previous observational studies have confirmed the in-
verse correlation between solar wind speed and mag-
netic flux-tube expansion. Notably, Wang & Sheeley
(1990) performed a 22-year examination of the relation-
ship between the solar wind and the rate of flux-tube
expansion in the corona, which confirmed this inverse
relationship and concluded that the WS model can be
used to reproduce the overall patterns of fast and slow
wind. This study was expanded by Wang et al. (1997)
using direct measurements from the Ulysses spacecraft.
From these measurements the range of potential expan-
sion factors and their associated wind speeds were esti-
mated, however it was observed that the expansion fac-
tor model often over predicted very fast wind near the
ecliptic plane. Pinto et al. (2016) used a global mag-
netohydrodynamic simulation to confirm the speed of
solar wind depends on the geometry of the open mag-
netic flux-tubes through which it flows. These findings
were further used in Pinto & Rouillard (2017) to derive
a three-dimensional model of the structure of the solar
wind. In recent times many studies have investigated the
link between the solar wind and EUV images of the solar
corona. Temmer et al. (2007) investigated periodicity in
the presence of CH areas at central meridian and rises in
SW speed. Vrsˇnak et al. (2007) analyzed the relation-
ship between coronal hole area/positions and physical
characteristics of the associated high speed stream.
Here, an analysis of the longitudinal solar wind ex-
pansion is performed for high speed solar wind streams
traveling through interplanetary space. Measurements
of originating CH properties are estimated with im-
ages from the Solar Dynamics Observatory Atmospheric
Imaging Assembly (AIA; Lemen et al. 2012) and He-
lioseismic and Magnetic Imager (HMI; Scherrer et al.
2012) using the Coronal Hole Identification via Multi-
Expansion of Solar Wind 3
thermal Emission Recognition Algorithm (CHIMERA;
Garton et al. 2017). For the first time these CHIMERA
CH properties are compared with in-situ measurements
of HSSW streams from the Advanced Composition Ex-
plorer (ACE; Stone et al. 1998) at the L1 point. Specif-
ically, comparisons are made between CH longitudinal
width, observed when CHs are located at central merid-
ian, and the duration of the HSSW stream produced as
measured at L1, for the period 2016 to 2017. In this case
of flux-tube expansion, the CH surface is defined to be
inclusive of the magnetic fields caused by the interaction
of the CH boundary to it’s surrounding plasma and the
HSSW surface is defined to be inclusive of the tail end of
the HSSW stream typically composed of material orig-
inating from the interaction of CH boundaries. From
this correlation analysis it is possible to estimate the
longitudinal component of the HSSW stream expansion
through interplanetary space, as described in Section 2.
2. OBSERVATION AND ANALYSIS
CHIMERA is an automatic CH identification and
segmentation algorithm which extracts multiple prop-
erty measurements from classified CH regions (see Fig-
ure 1a), such as CH area, magnetic polarity, etc. The al-
gorithm classifies these regions through a multi-thermal
segmentation method, only accepting candidates that
exhibit thermal and magnetic properties similar to that
expected of a CH. Further details on the segmentation
method can be found in Garton et al. (2017). Here,
measurements of CH longitudinal width in degrees are
extracted for CHs when their centroid is located closest
to the central meridian. Analyzing values of CHs when
centered at central meridian ensures a minimal loss of
estimated width of extended CHs caused by occultation
effects.
Since HSSW streams originating from CHs can vary
in velocity from ∼400-800 km s−1 (Cranmer 2002), it
can be assumed that the velocity of solar wind emit-
ted within a CH boundary varies within this range
(Riley et al. 2001, 2003). This variation of emitted
speed implies that the angular width of HSSW streams
can be extended should a particularly fast stream of so-
lar wind be followed by a relatively slow stream still
located within the CH boundary. The solar wind
emitted from the Eastern and Western boundaries
of the central CH from Figure 1a is simulated us-
ing the HELiophysics Integrated Observatory (HELIO;
Pe´rez-Sua´rez et al. 2012) ballistic model in Figure 1b.
The longitudinal component of solar wind expansion
factor is derived in Krista (2012), and can be defined
from this figure as:
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Figure 1. (a.) Five on-disk CH regions on 2017 January 2
segmented by the CHIMERA algorithm on a tri-colour im-
age of AIA 171A˚, 193A˚, and 211A˚. The largest CH on disk is
located near the central meridian. Off-limb detected regions
are classified as solar plumes caused by the extended open
magnetic fields above CH regions, notably above the north
and south polar CH regions. (b.) A ballistic model for HSSW
stream propagation from the central on-disk CH. This simu-
lation assumes the HSSW stream is emitted at ∼600 km s−1
from within the equatorial latitudes of the CH boundaries,
-30⊙ to +10⊙. ∆θCH and ∆θSW denote the angular width
of the CH on the solar disk and the HSSW stream at 1 AU
respectively.
fSW =
∆θSW
∆θCH
(3)
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Figure 2. Example start (ti) and end (tf ) times for high-
speed solar wind streams from ACE measurements of the
solar wind speed for January 2017. These times are calcu-
lated as the point of intersection between a line fit to the
inclining and declining phase of the solar wind stream with
the mean background slow SW speed for that month. Maxi-
mum velocities (vmax) between these two times is considered
as the peak wind velocity for that high speed stream.
The longitudinal width of the detected CH at 1R⊙
is denoted by ∆θCH , while ∆θSW indicates the lon-
gitudinal width of the HSSW at L1. For an expand-
ing SW stream, f > 1.0. Measurements of ∆θCH are
available through CHIMERA. Direct measurements of
∆θSW are not currently possible, however it can be cal-
culated from in-situ measurements of HSSW stream du-
ration taken from ACE, ∆tSW , using the angular veloc-
ity, ∆θSW = ω⊙∆tSW . The solar wind’s apparent an-
gular velocity, ω⊙, is assumed to be equal to the synodic
Carrington rotational velocity of the Sun. A comprehen-
sive study by Oghrapishvili et al. (2018) of CHs finds a
variation of rotational velocities with latitude, with a
plateau existing between ±40◦. Here, only CHs associ-
ated with a measurable HSSW stream at L1 are ana-
lyzed, typically with some component of CH boundary
existing within ±40◦. Hence we assume a constant value
of rotational velocity, ∼13.199◦day−1. Hence, fSW was
calculated using:
fSW = ω⊙
∆tSW
∆θCH
(4)
Equation 4 can be rearranged to form a relation between
the measurable parameters ∆tSW and ∆θCH as follows:
∆tSW =
fSW
ω⊙
∆θCH (5)
This relationship predicts the duration of upcoming
HSSW streams from measurements of CH width at the
central meridian, at 1R⊙.
An example of ACE solar wind speed measurements
for the month of January 2017 is shown in Figure 2.
A line is fitted to the rising and declining phase of the
stream in order to calculate the duration of a HSSW
stream originating from a single CH. The intersections
of these linear fits with the mean background slow solar
wind speed for a given month, 337.4 km s−1 in Jan-
uary 2017, defines the start time (ti) of the HSSW
streams arrival at L1 and end time (tf ) of the HSSW
streams interaction at L1. The difference between the
start and end times of the stream is then calculated as,
∆ tSW = tf − ti. This method of calculating ∆tSW
removes potential errors caused by overlapping HSSW
streams originating from closely-clustered CHs. This
method estimates the behavior of the solar wind in the
absence of perturbations caused by other solar features.
An example of this occurrence is visible in Figure 2 be-
tween 2017 January 2-5, where two peaks in solar wind
velocity exist. These peaks are due to two detected CH
regions located near to the large CH at central meridian,
as shown in Figure 1a.
By comparing the measurements of HSSW duration
and width of their respective CHs, it is possible to draw a
correlation and extract an estimation of the longitudinal
expansion that HSSW streams undergo between their
origin on the solar surface and their detection at L1.
3. RESULTS
A comparison of CH width and associated SW peak
velocity for CHs detected by CHIMERA at disk center
during 2016 and 2017 is displayed in Figure 3a. Here,
significant outliers are highlighted in red. These out-
liers are caused by irregularly shaped, extended CHs
in the instance of non-polar CHs, diamonds, and by
a possible near miss caused by a high latitude CH
in the polar CH instance, square. Two linear rela-
tions between CH width and peak SW velocity are
drawn. For CH regions of width .70◦ a relation of
vmax ≈ 330.8(±16.6) + 5.7(±0.5) ∆θCH is fit.
This relation tapers off above ≈ 70◦ to a near constant
speed of ∼710 km s−1, with a standard deviation of
∼50 km s−1. The intersection of these two regimes oc-
curs at ∼67◦ ± 11◦.
CH width and HSSW stream duration are compared
in Figure 3b. Here, colour represents the peak SW
speeds for the CH and ranges from purple, ∼400 km s−1,
to yellow, ∼700 km s−1. Symbol shape describes CH
topology, with squares representing CHs that link to ei-
ther magnetic pole and diamonds represent non-polar
related CH regions. The strong correlation between
width and duration is demonstrated by the best fit line
∆tSW (Days) ≈ 0.09 ± 0.01 ∆θCH(Deg), with a high
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Figure 3. (a.) Peak solar wind speed versus longitudinal
width of detected CHs. A linear fit to both the high width
and low width CH clusters is illustrated in blue. Signifi-
cant outliers are highlighted in red and are due to irregu-
larly shaped CHs with width and heights being significantly
different. (b.) Correlation between the duration of HSSW
streams to CH width. Symbol colour represents peak SW
speed observed during the HSSW stream and scales from
purple, ∼400 km s−1, to yellow, ∼700 km s−1. From this
correlation, and Equation 4, it is possible to estimate the
longitudinal expansion of HSSW streams through interplan-
etary space to be fLON ≈ 1.2±0.1. Squares represent CHs
that connect to either of the solar magnetic poles and dia-
monds represent CHs with no connection to polar regions.
R2 value of 0.884. This high R2 value may be due to
2016 having a larger number of very extended CHs than
is typical. This relation enables the prediction of the
durations of HSSW streams at Earth. Figure 3 was
replicated for area-based estimations from which a simi-
lar trend to Figure 3a was found for the observed dates,
with a slightly better fit, however more outliers were ap-
parent in the equivalent Figure 3b when comparing to
duration. From the slope of this best fit linear relation
and Equation 5 it is possible to estimate the average
longitudinal solar wind expansion factor using:
∆θSW
∆θCH
RS
RF
LFT
∆θrot∆θCH
∆θSW
RS
RF ∆θFT
L
FT
Figure 4. (a.) Projection of a HSSW stream with a leading
boundary (red) originating from the western CH boundary
and a trailing boundary (blue) originating from the east-
ern CH boundary. RF and RS show the distance traveled
by plasma packets emitted at the same time but traveling
at different velocities. ∆θSW represent the path of Earth
through the HSSW stream and LFT approximates the con-
tinuous line of plasma packages, emitted from the Sun at the
same time, when the leading boundary reaches some RF (b.)
An identical projection of the HSSW in polar space. ∆θrot
here represents the angular difference between the trailing
boundary of the HSSW at RF and RS and ∆θFT is the lon-
gitudinal angular width of the HSSW flux-tube projected out
to RF .
fSW
ω⊙
= 0.09± 0.01 (6)
Assuming this angular velocity is equal to that of the
synodic Carrington rotation, 13.199◦day−1, a general
longitudinal expansion factor of fSW = 1.2 ± 0.1 is
obtained. This value implies HSSW streams will ex-
pand longitudinally while traveling through interplane-
tary space.
Due to the varying velocity profile across a CH, this
calculation of fSW includes an additional component
caused by the extra time for the relatively slower so-
lar wind emitted from the eastern boundary of the CH
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to reach L1. This effect can be seen in Figure 4 where
the leading boundary of the HSSW reaches a distance of
RF , while the trailing boundary only reaches a bound-
ary of RS such that RS = RF (vS/vF ), where vF and vS
are the velocities of the solar wind at the leading and
trailing boundaries respectively. By correcting for this
velocity variation across the HSSW stream, it is pos-
sible to estimate the longitudinal expansion of the CH
flux-tube from the corona to L1 as follows:
f longFT =
∆θFT
∆θCH
=
∆θSW −∆θrot
∆θCH
(7)
where ∆θrot can be calculated from Figure 4 as the an-
gle the Sun has rotated in the time taken for the slow
boundary to reach a distance RF traveling radially from
RS , ∆θrot = ω⊙RF [(1/vS)− (1/vF )] and ∆θSW can be
expressed as fSW∆θCH . Hence, f
long
FT can be written as:
f longFT = fSW −
ω⊙RF
∆θCH
(
1
vS
−
1
vF
)
(8)
Furthermore, it is possible to estimate the width ex-
pansion of the overall open magnetic field of the coronal
hole, which will henceforth be referred to as the coronal
hole flux-tube expansion factor (fFT ):
fFT =
LFT
r
(
rCH
lCH
)
=
1
∆θCH
∫ LFT
0
dLFT
r
(9)
where the length LFT is approximated as a segment of
a spiral such that:
fFT =
1
∆θCH
∫ ∆θFT
0
√
r2 + (∂r/∂θ)2
r
dθ (10)
The radius of a given spiral changes as a function of θ,
in this case calculated from Figure 4 as:
r = RS +
(RF −RS)
∆θFT
θ (11)
Hence, Equation 10 can be simplified to:
fFT =
1
∆θCH
∫ ∆θFT
0
√
1 +
(
∆v
vS∆θFT + θ∆v
)2
dθ
(12)
where ∆v is the difference of velocities between the lead-
ing and trailing HSSW stream boundary, (vF − vS). In-
tegrating gives the general equation for the coronal hole
flux-tube expansion factor as:
fFT =
α− β
∆v∆θCH
+
1
2∆θCH
ln
(
[β +∆v][α−∆v]
[β −∆v][α+∆v]
)
(13)
where
α =
√
(vF∆θFT )2 +∆v2 (14)
β =
√
(vS∆θFT )2 +∆v2 (15)
where ∆θFT is the angular width of the flux-tube
(∆θFT = ∆θSW − ∆θrot). From these derivations it
is possible to estimate the range of possible expansion
factors. From empirical measurements fSW will remain
at 1.2 regardless of CH width. f longFT will range from
1.2 for small CHs to ∼0.5 for ∆θCH ≈ 60
◦. Above
∆θCH ≈ 60
◦, f longFT tends towards a constant value of 1.
fFT is undefined for ∆v = 0, however, due to the cor-
relation between ∆v and ∆θCH , ∆v is zero only when
∆θCH = 0, i.e., when no CH is present. Hence, Equa-
tions 13-15 only apply when both ∆v > 0 and ∆θCH >
0, i.e., when a CH is present. fFT approaches a value of
1.2 for very small CHs, lim∆θCH→0 fFT (∆θCH) = 1.2,
and as ∆θCH increases to a small width CH (∼20
◦),
fFT approaches a value of ∼0.8. Above this CH width,
values of fFT tend towards ∼1.
4. DISCUSSION AND CONCLUSIONS
Here, the relationship between CH width, a CH prop-
erty made available by the CHIMERA algorithm, and
the properties of the associated solar wind measured at
L1 by the ACE satellite has been investigated. The
results show that a positive correlation exists between
the peak SW speed of HSSW stream and the width of
their originating CHs for widths .67◦. Variations from
a direct correlation are due to the HSSW speed being
related to the area of CH regions, which varies inde-
pendently from longitudinal width, and possible near
misses of HSSW streams. Furthermore, other CH prop-
erties likely have a further contribution to the solar wind
speed. Above∼ 67◦ width the peak SW velocity appears
to become constant at ∼710 km s−1 regardless of CH
width, with a standard deviation of ∼50 km s−1. These
speeds are consistent with the theory of HSSW streams
emanating from CH regions by Cranmer (2009). Fur-
thermore, this relation is similar to the relation between
HSSW velocity and distance from a coronal boundary
found by Riley et al. (2003).
From the strong correlation of HSSW stream duration
to CH width in Figure 3b it is clear these properties are
fundamentally linked. Hence it is possible to predict the
duration of an incoming stream of HSSW using the best
fit linear relation, ∆tSW = 0.09(±0.01)∆θCH + 0.38(±0.37).
Combined with empirical measurements, such as in
Vrsˇnak et al. (2007), and the expanded study by
Verbanac et al. (2011), a prediction of the start and
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end time of a HSSW streams interaction with Earth is
possible.
From these measurements of CH width and stream du-
ration we calculate an average longitudinal solar wind
expansion factor of 1.2 ± 0.1. This value implies the
HSSW always expands longitudinally from 1R⊙ to 1AU.
This consistent expansion is likely a composite of the
HSSW flux-tube expanding and an increased longitudi-
nal width caused by differing arrival times of the lead-
ing and trailing boundaries at 1AU. By correcting for
this variation in arrival times, it is possible to esti-
mate the projected longitudinal expansion of the HSSW
flux-tube at RF from Equation 8, which ranges from
fSW & f
long
FT & 0.5. Then, by approximating
the structure of the flux-tube as a spiral, it is possi-
ble to estimate the coronal hole flux-tube expansion
factor from Equations 12 and 13, which ranges from
fSW & fFT & 0.8. These values of flux-tube ex-
pansion are very low compared to empirical area flux-
tube expansion values found by Wang et al. (1997) of
<3.5 to >18, or modeled values by Pinto & Rouillard
(2017) from 1 to ∼100. This discrepancy is likely due to
the focus here on the longitudinal flux-tube expansions
and the potential of flux-tubes expanding non-uniformly
in the longitudinal and latitudinal directions. Further-
more, previous studies have focused on the expansion of
flux-tubes originating in polar CH regions or the expan-
sion of individual magnetic funnels within a CH bound-
ary, as in the Pinto & Rouillard work. This work instead
averages the expansion factors of all magnetic funnels
within the CHs anywhere on the solar disk that corre-
lates with geomagnetic storm activity.
These average values of fSW determined here are use-
ful for operational space weather forecasting efforts, for
the first time enabling a prediction of the duration and
max speeds of HSSW streams and the expansion of the
HSSW flux-tubes merely from an estimation of longitu-
dinal width of CH regions. These results demonstrate
an example of the potential connections that can be dis-
covered between CHs and the solar wind using the new
automated CHIMERA method.
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